
a Fermi National Accelerator Laboratory 

FERMILAB-Pub-91173-A 
March 1991 

THE TILTED UNIVERSE* 

Michael S. Turner 

NASA/Fermilab Astrophysics Center 
Fwmi National Accelerator Laboratory 

Batavia, IL 60510-0500 

and 

Departments of Physics and Astronomy &i Astrophysics 
Enrico Fermi Iditute 

The University of Chicago 
Chicago, IL 60637-1499 

Summary 

The simplest interpretation of the CMBR dipole anisotropy is that it arises due to our mo- 

tion with respect to the cosmic rest frame. However, the existence of a superhorizon-sized 
isocurvature perturbation can give rise to a dipole anisotropy intrinsic to the CMBR. In 

this case the cosmic rest frame and the CMBR rest frame do not coincide, and when viewed 

from the CMBR rest frame the Universe appears “tilted”: matter streams uniformly from 

one side of the Universe to the other. The intrinsic dipole model provides an explanation 

for the puzzling observation that most of the matter within a lOOh-’ Mpc cube centered 
on our galaxy has a large velocity (of order 600 km s-l) with respect to the CMBR. 
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The Cosmic Microwave Background Radiation (CMBR), along with the expansion of 

the Universe and the abundances of the light elements, provide the foundation for the 
highly successful hot big bang cosmology.’ An observer moving with respect to the CMBR 

measures a direction-dependent black-body temperature: 

T(C) = q;y!; = To [l + 2) cos e + (-0.5 + co2 +I2 + .] , (1) 

where v is the observer’s velocity and cos 0 = ii . +. Thus, the dipole temperature 
anisotropy, discovered in 1977, provides evidence for motion of the earth (at about 

350kms-‘) with respect to the rest frame defined by the CMBR.’ Taking into account 

the motion of the solar system within the galaxy, it follows that the Milky Way (and the 
Local Group) are moving relative to the CMBR with a speed of about 600 kms-’ in the 

direction of the constellation Hydra.3 

According to the standard kinematic interpretation of the dipole anisotropy, the cosmic 
rest frame and the CMBR rest frame coincide, implying that our galaxy has a “peculiar 

velocity” of about 600 kms-‘. Peculiar velocities-that is, motions with respect to the 

cosmic rest frame-arise due to the inhomogeneous distribution of matter in the Universe: 

Vp(r,t) _ ff 
J 

6(r’,t)(r - r’)d %’ , 
Ir - r’13 

where vp(r, t) is the peculiar velocity at position r and time t, h(r, t) = p(r, t)/(p) - 1 

is the density contrast (assumed to be small), and Ho = lOOhkms-’ Mpc-’ is Hubble’s 

constant. A peculiar velocity that is not “supported” by gravitational effects decays as 
R(t)-‘; R(t) is the cosmic-scale factor. 

With reasonable assumptions about the primeval inhomogeneity, the rms of the pecu- 

liar velocity averaged over a sphere of radius P decreases with r; for the Harrison-Zel’dovich 

(scale-invariant) spectrum VRMS cc T -’ for r >> 10/z-1 Mpc. If the kinematic interpretation 
of the dipole anisotropy is correct, the rest frame defined by the distant galaxies coincides 

with that of the CMBR. This notion has received weak support from a marginally sig- 

nificant determination of the anisotropy of the x-ray background radiation (XRB) which 

indicates that the XRB dipole coincides with that of the CMBR.4 (The origin of the XRB 

is believed to be sources--&SO’s, AGN’s, hot gas, etc.-at high red shift.) 

To the surprise of most cosmologists, early measurements of the peculiar velocities of 
“distant” galaxies indicated that their rest frame did not coincide with that of the CMBR.s 

Because the sample of galaxies was small and relatively nearby, and because peculiar ve- 

locities are very difficult to measure, requiring very reliable distance determinations, many 

discounted the so-called Rubin-Ford effect. However, more recent measurements, consist- 

ing now of a sample of more than 1000 galaxies throughout a cube of nearly 100h-t Mpc 

on a side (centered on the Milky Way), indicate a similar effect.s While the data can be 

described simply, a general feature does seem to emerge: Throughout the volume sampled, 
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gaiaxies are moving with respect to the CMBR at about the same velocity as the Milky Way 

(about 600 km s-r), with an rms scatter in their peculiar motions [about 200 kms-‘) that 

is only about one third of the bulk motion. Since the volume-averaged peculiar velocity 

should decrease with increasing volume size this is a very perplexing result. On the theo- 

retical side, none of the models for structure formation under serious consideration-e.g., 

hot or cold dark matter with inflation-produced curvature perturbations, hot or cold dark 
matter with cosmic strings as seeds, or a baryon-dominated Universe with fis - O.l-seem 
to be able to account for such a large peculiar motion on such a large scale.3,7 

Perhaps the resolution of this conundrum requires abandoning the simple kinematic 

interpretation of the dipole anisotropy. Could it be that the rest frame of the CMBR 
doe3 not coincide with the rest frame of the expansion? This would occur if the dipole 

anisotropy were intrinsic to the CMBR itself.’ Then, the large, uniform component of the 

measured peculiar motions merely reflects the intrinsic dipole of the CMBR-not motion 
with respect to the cosmic rest frame-and the true peculiar motions of galaxies in the 

local lOOh-’ Mpc cube are only of order 200 kms-r , which can easily be explained by the 

inhomogeneous distribution of matter. Ij the CMBR dipole anisotropy is intrinsic, then 

viewed from the rest frame of the CMBR the Universe appears to be tilted (!), with galaxies 

moving from one side of our Hubble volume to the other with speeds of order 600 km s-l. 

How can an intrinsic CMBR dipole arise. 7 First, if it is to be uniform across our 
Hubble volume it must involve a superhorizon-sized density perturbation. Second, it must 

involve an isocurvature perturbation.g To see this, consider a superhorizon-sized curvature 
perturbation (in a flat Universe) of wavenumber k (length scale L - Jk/-‘) whose horizon- 

crossing amplitude is &OR. The horizon-crossing amplitude corresponds to the fluctuation 

in the Newtonian potential; the horizon-crossing epoch is defined by RL - H-‘, and occurs 

at a time tHoR - H[‘(L/Hg’)3 N 10” (L/H~‘)3 yrs. The temperature anisotropy that 
arises is given by the Sachs-Wolfe formula:rO 

bT(fi) 1 
- = ;i [x&(x. V)[I~~,~~-~~.X] + ,jHoRe-ik.x] t, 

To 
where “E” denotes the emission event, spatial position (1 - 6)~ and scale factor RE N- 

10e3, “R” denotes the reception event, spatial position P = 0 and scale factor RR = 1, and 

x = 2Hr’ii. The first term in Eq. (3) arises due to the relative peculiar motion between 

the last-scattering surface and the observer; it has the appearance of a dipole anisotropy of 
order (Hcl/L)&o~. The second term arises due to the potential difference between the 

last-scattering surface and the observer; if we expand e--ik’x = 1 - ik x - (k . ~)~/2! +. . 

the 0(k. x) cancels precisely the would-be dipole anisotropy. Even in the presence of a 
superhorizon-sired curvature perturbation the rest frames defined by the ezpansion and the 

CMBR coincide. The lowest-order CMBR anisotropy is 0[(H0-1/L)26~~~] and quadrupole 

in character.” 

The situation for isocurvature perturbations is dramatically different. An isocurvature 
perturbation corresponds to a spatial variation in the form of the equation of state, rather 
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than a “true” perturbation of the energy density. For definiteness, consider an isocurvature 
axion perturbation in a flat, axion-dominated Universe (for simplicity ignoring baryons). 
Such a perturbation corresponds to 6p, # 0 and Sp, + Sp, = 0: The fluctuations in the 

radiation energy density (and hence temperature) “compensate” for those in the axion- 

energy density. 
Once the Universe becomes matter dominated, the compensating temperature fluctu- 

ation is related to the horizon-crossing amplitude of the axion perturbation, 

-ik.r 

The CMBR anisotropy that arises due to an isocurvature mode is given by the Sachs- 
Wolfe formula-which leads to a vanishing dipole anisotropy and a quadrupole of 

O[(H~1/L)26~~~]-pl~~ an additional term due to the “compen3ating” fluctuations in 

the radiation. The net effect is an intrinsic dipole 

and a quadrupole which is smaller by a factor of U(H;l/L). Provided that 

(H&l /L)hHOR - 2 x 10w3, a superhorizon-sized isocurvature perturbation can account 
for the CMBR dipole-and can lead to the impression that the Universe is tilted. To be 

consistent with the lack of a quadrupole anisotropy at the level of 3 x 10-s,’ the wavelength 

of the fluctuation today must be greater than about 1OOflr’. 
What about the motivation for this scenario? The axion is an excellent candidate for 

the ubiquitous dark matter known to exist in the Universe; I2 inflation is a very attractive 
early-Universe paradigm, and isocurvature axion perturbations arise automatically.i3 On 

scales that were smaller than the Hubble radius at the start of inflation-which, if infla- 
tion is to solve the horizon/flatness problems, includes all scales presently smaller than 

&---the amplitude &OR is independent of scale and related to the Hubble constant 

during inflation. For scales that were superhorizon-sized at the start of inflation, &OR is 

determined by the pre-inflationary fluctuations that existed in the axion field; these, by 

their nature, cannot be calculated. 

The current limits to the quadrupole anisotropy constrain &,a to be less than about 

3 x 10m5 for the first category of modes, so we must turn to the second. For these modes 
&on is unknown and could be large-even greater than unity. What about Ht’/L? It can 
be written as eep, where P = p + Q, er is the ratio of the wavelength of the perturbation 

at the start of inflation to the inflationary Hubble radius, and 4 is the number of e-folds 

by which inflation exceeds the minimum required to solve the horizon/flatness puzzles. 

Within our present knowledge of inflation it is difficult to make definite statements about 

P-other than to say that it must be greater than unity, perhaps much greater; thus, it 

is not implausible that (&-‘/J?)~~OR = e-‘&on could be (3(10d3). The axion example 

provides one scenario that leads to an intrinsic CMBR dipole; doubtless there are others.r4 
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How can one test for a tilted Universe? If the bulk of the CMBR dipole is intrinsic, 

then (to within 200 kms-’ or so) we are in the cosmic rest frame, and should be at rest with 
respect to distant galaxies. Provided that the XRB arises from objects at high red shift, it 

should appear isotropic in our rest frame rather than in that of the CMBR. ROSAT may 

well have the sensitivity to definitively determine the anisotropy of the XRB. Since the 

bulk of our motion with respect to the CMBR is not due to the inhomogeneous distribution 

of matter, the peculiar velocity computed from the local distribution of matter, cf. Eq. 

(2), has no reason to be aligned with the CMBR dipole. As the IRAS and other high- 

quality catalogues of galaxies are completed and used to compute vp, one should be able 

to determine whether or not there is such an alignment. is Finally, if the CMBR dipole is 

a kinematic effect, then associated with it is a kinematic quadrupole of S(v*), cf. Eq. (l), 
which is aligned with the dipole. Such a relationship between the dipole and quadrupole 
anisotropies would not exist in a “tilted Universe.” Whether one can both achieve the 

required sensitivity and separate the kinematic quadrupole from other contributions to 
the quadrupole anisotropy remains to be seen. 

While it is likely that the simplest interpretation-a kinematic dipole-is correct, the 

intrinsic CMBR dipole--or tilted Universe-xplanation is intriguing and deserves consid- 

eration. It neatly resolves the puzzle of the large peculiar velocities seen out to distances 
of 0(50h-1 Mpc) and can be tested decisively. 

I thank Jim Gunn for a provocative conversation which stimulated this work. This 
work was supported in part by the NASA through grant NAGW-1340 at Fermilab. 
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